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In the context of hybrid inflation at the scale of grand unification, it is shown that, if (some
of) the gauge bosons of the unbroken grand unified group obtain a flat superhorizon spectrum of
perturbations from inflation they can affect or even generate the observed curvature perturbation and
simultaneously produce a sizable primordial magnetic field capable of explaining galactic magnetism.
The mechanism employs the vector curvaton idea for a supermassive grand unified gauge boson after
the breaking of grand unification.
Observations provide strong evidence that the Uni-
verse underwent a phase of inflation in its early history.
One of the most important consequences of inflation is
the generation of the curvature perturbation ζ, which is
necessary for structure formation and is observed through
the CMB anisotropy [1]. Quantum fluctuations of suit-
able fields give rise to a flat superhorizon spectrum of
perturbations through the process of particle production
[2]. Under certain circumstances these perturbations can
create the curvature perturbation of the Universe. Un-
til recently, only scalar fields have been employed for
this task. In recent works, however, it has been shown
that vector fields can also affect (by producing statistical
anisotropy) or even generate ζ [3–8]. The first such sug-
gestion was made in the pioneering Ref. [3], where it was
shown that, if an Abelian vector boson field obtains a flat
superhorizon spectrum of perturbations during inflation,
it can act as a curvaton field [9] provided, after infla-
tion, its mass-squared becomes positive and bigger than
the Hubble scale. In this case, the vector field oscillates
coherently, behaving as pressureless isotropic matter [3].
Thus, it can dominate the radiation background with-
out introducing significant anisotropic stress, contribut-
ing thereby its own curvature perturbation according to
the curvaton mechanism [9].
In this letter we examine the possibility that the su-
permassive bosons of a Grand Unified Theory (GUT) can
act as vector curvatons and contribute significantly to or
even generate ζ. We consider hybrid inflation, which ends
at the breaking of grand unification, with the GUT Higgs
playing the role of the waterfall field [10]. We also assume
that, through some mechanism, the conformal invariance
of (at least some of) the GUT gauge bosons is appropri-
ately broken during inflation so that they obtain a nearly
scale invariant spectrum of superhorizon perturbations.
At the breaking of grand unification the supermassive
gauge bosons, which couple to the GUT Higgs, become
massive and undergo coherent oscillations before their de-
cay. If they carry with them this perturbation spectrum,
then they can play the role of vector curvatons.
As a side effect, the mechanism generates a primordial
hypermagnetic field due to the projection of the origi-
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nal perturbation spectrum onto the hypercharge direc-
tion. The hypermagnetic field is frozen into the plasma
of the reheated Universe and survives until much later
times. Eventually, it transforms into a regular primor-
dial magnetic field at the electroweak phase transition,
when it is projected onto the photon direction through
the Weinberg angle. In this letter we estimate the char-
acteristics of this magnetic field and we find that, when
the contribution to the curvature perturbation due to the
supermassive GUT bosons is significant, the primordial
magnetic field is strong and coherent enough to account
for the observed magnetic fields of the galaxies. Hence,
through the vector curvaton mechanism we can connect
directly structure formation and galactic magnetism.
Most of the observed galaxies carry µGmagnetic fields,
which are dynamically important [11]. In spirals the mag-
netic field follows the spiral arm structure, which indi-
cates that it is being rearranged by a dynamo mecha-
nism [12]. Such a galactic dynamo can amplify a weak
seed field up to µG strength. The origin of this seed
field, however, is still under debate. It has been theo-
rised that the seed magnetic field can be of cosmologi-
cal origin [13]. The coherence required in order not to
destabilise the galactic dynamo action is attained if the
magnetic field is produced during inflation through par-
ticle production. This is possible, however, only if the
conformality of electromagnetism is violated during in-
flation. Since the pioneering work in Ref. [14], a number
of mechanisms have been suggested to this end [15–17].
Successful mechanisms manage to generate a superhori-
zon spectrum of photon perturbations giving rise to a
superhorizon spectrum of magnetic fields.1
The above mechanisms can be employed in general
to obtain a superhorizon spectrum of perturbations for
Abelian gauge fields at the end of inflation. To have a
significant contribution (for example produce statistical
anisotropy) to the curvature perturbation at observable
scales such a spectrum needs to satisfy a further require-
1 Despite what is assumed in Ref. [18], vector field backreaction
does not spoil inflation but instead it can lead to a new infla-
tionary attractor [19], where steep inflation is allowed and the
η-problem is overcome [20] (see also Ref. [21] and references
within).
2ment; namely approximate scale-invariance. Without go-
ing into details for its origin, let us assume that, near the
end of inflation, the spatial part of (some of) the unbro-
ken GUT bosons Wµ has obtained a flat superhorizon
spectrum of perturbations.
Our hybrid inflation ends through the GUT phase
transition, in which some of the GUT gauge bosons be-
come massive through their coupling to the GUT Higgs,
with mass mX = hM , where h is the GUT coupling and
M ∼ 1016GeV is the vacuum expectation value (VEV)
of the Higgs field. These supermassive GUT bosons Xµ
are produced from the mixing of some of the Wµ gauge
bosons of the unbroken GUT, which carry the superhori-
zon perturbation spectrum. Thus, we would expect the
Xµ to carry this spectrum of perturbations too. The su-
permassiveX-bosons decay into lighter particles with de-
cay rate ΓX =
h2
8pimX =
h3
8piM . This decay rate is compa-
rable or smaller than the Hubble scale at the GUT tran-
sition H∗ ≃ 1√3M2/mP if h <∼ (
8pi√
3
M
mP
)1/3 ≈ 0.5, where
mP = 2.4× 1018GeV is the reduced Planck mass. In this
case, the oscillating X-boson can affect the Universe ex-
pansion before its decay since its lifetime is comparable
or larger than the timescale of the Universe dynamics.
Hence, the X-boson can play the role of the vector cur-
vaton.
The GUT bosons which are not coupled to the GUT
Higgs remain massless and form the gluons and the elec-
troweak gauge bosons. The latter also, carry the super-
horizon spectrum of perturbations, which was generated
during inflation. The temperature of the plasma at the
end of inflation is rather large Tend ∼ (m2PΓH∗)1/4 [22],
where Γ is the decay rate of the inflaton field. Typi-
cally, this temperature is much higher than that of the
electroweak unification. The non-Abelian gauge fields,
through their interaction with the hot plasma, obtain a
thermal mass and become screened [23]. Thus, the su-
perhorizon spectrum of their perturbations cannot sur-
vive. In contrast, the superhorizon perturbations of the
Abelian Hypercharge field Yµ are preserved.
Indeed, the conductivity of the plasma is very
high, which means that the hypermagnetic field
B
Y ≡ ∇× δY becomes frozen into the plasma. This
guarantees that the memory of the superhorizon pertur-
bations of the field is preserved. At the electroweak phase
transition the hypercharge projects onto the photon di-
rection through the Weinberg angle θW asA= Y cos θW .
This transforms the hypermagnetic field into a regular
magnetic field which can become the seed for galactic
magnetism.
The equation of motion for the homogeneous zero-
mode of the supermassive X-boson in a spatially flat
FRW Universe is
X¨ +HX˙ +m2XX = J , (1)
where X ≡ |X|, J is a source current, and the dot
denotes derivative with respect to the cosmic time t.
The X-boson condensate, once formed at the GUT
transition, begins coherent oscillations because its mass
mX ≃ hM ∼ 1015GeV is larger than the Hubble scale
at the time H∗ ∼ 1√3M2/mP ∼ 1014GeV so the friction
term in Eq. (1) is subdominant.
The X-boson decays quickly, since its decay rate is
ΓX ∼ H∗ (ΓX ≃ H∗ for h ≃ 0.5). Before decaying, how-
ever, it manages to undergo several oscillations since
mX/ΓX =
8pi
h2 ≃ 100. Note that, during these oscilla-
tions we can ignore the source current since the con-
densate evaporates no earlier than at the time of decay
∆tevap >∼ Γ−1X . Before evaporation the effect of the source
current is subdominant to the zero-mode, in the conden-
sate’s dynamics.
As shown in Ref. [3], a coherently oscillating vec-
tor field condensate behaves like pressureless, isotropic
matter. This means that the oscillating X-boson can
act as a curvaton if its density is near domination
at the phase transition without producing significant
anisotropic stress [3].
Defining the density parameter ΩX at the end of infla-
tion (denoted by ‘end’) as ΩX ≡ (ρX/ρ)end, we find
Xend =
√
6ΩX
mPH∗
mX
, (2)
where the density of the Universe at the end of inflation
is ρend = 3m
2
PH
2
∗ and we used that the density of the
oscillating X-boson at that time is (ρX)end =
1
2
m2XX
2
end.
On energy equipartition grounds we expect ΩX ∼ 0.1,
so the condensate nearly dominates the Universe before
decay, as required by the curvaton scenario.2
The particle production process for vector fields is, in
general, anisotropic because vector fields have several
degrees of freedom which can undergo particle produc-
tion with different efficiency. If such fields contribute
to the curvature perturbation ζ then they may generate
statistical anisotropy in the spectrum Pζ of the curva-
ture perturbation [5]. The latter is quantified by the
so-called anisotropy parameter g. As shown in Ref. [5],
g = pN2AP+/P isoζ , where P isoζ is the isotropic part of the
spectrum, p ≡ (P‖ − P+)/P+ with P‖ being the power
spectrum of the perturbations of the longitudinal compo-
nent of the vector field and P+ being the even part of the
power spectra of the perturbations of the transverse com-
ponents of the vector field defined as P+ ≡ 12 (PL + PR),
with L and R denoting the left and right transverse po-
larisations respectively [5]. Also, N2A ≡
∑
iN
i
AN
i
A, where
N iA ≡ ∂N∂Ai with N denoting the elapsing e-folds and i la-
belling the spatial components of the vector field Aµ.
2 The mass of the X-boson is determined by the GUT Higgs
mX (φ) = hφ. At the phase transition φ also oscillates briefly
around its VEV. Consequently, Eq. (1) can result in resonant am-
plification of the amplitude of the condensate as X ∼ eµmφtX0,
where X0 is the initial value and µ is the strength of the reso-
nance (Floquet index). This ensures that ρX rapidly becomes a
significant fraction of the total density.
3For the vector curvaton mechanism we have
NA =
2
3
ΩˆA/A [5], where ΩˆA ≡ 3ΩA4−ΩA , with ΩA ≡ ρA/ρ
being the density parameter of the vector field when it
decays. Combining the above, it is straightforward to
show that
√Pζ = 2
3
√
p
g
ΩˆA
√P+
A
(3)
where A is the modulus of the vector field and we as-
sumed that P isoζ ≃ Pζ , because the observations suggest
that Pζ is approximately isotropic with g <∼ 0.3 [24],
where
√Pζ = 4.8× 10−5 is the observed curvature per-
turbation. Now, if particle production is strongly
anisotropic with P‖ ≫ P+ {P‖ ≪ P+} then we have
p ≃ P‖/P+ {p ≃ −1} and δA ∼
√P‖ {δA ∼√P+}.
Thus,
√Pζ ≃ 23 ΩˆA√|g| δAA . Alternatively, if particle pro-
duction is almost isotropic then p, g ≈ 0. In this case,
the vector field alone can be responsible for the curvature
perturbation. Then,
√Pζ ≈ ζ = ΩˆAζA, with ζA = 23 δAA
being the curvature perturbation attributed to the vector
curvaton [5]. Thus, in all cases, we can write
√Pζ ≃ 2
3
CΩˆA
δA
A
, (4)
where C = 1/
√
|g| {C = 1} for strongly anisotropic
{approximately isotropic} particle production of the vec-
tor bosons during inflation.
In our case, the role of Aµ above is played by the su-
permassive vector boson Xµ. Then, using Eq. (2), we
obtain
δXend ∼
√Pζ
C
√
ΩX
mPH∗
mX
, (5)
where we used that ΩˆX ≃ ΩX .
Let us investigate now the corresponding primordial
magnetic field (PMF) which results from the projection
of BY onto the photon direction. Similarly to BY , we
have B≡∇× δA. Hence, at galaxy formation (denoted
by ‘gf’), the rms PMF over the lengthscale ℓ is
Bseed(ℓ) ∼ 102 δAgf
ℓ
, (6)
where we considered that, because of gravitational col-
lapse, flux conservation amplifies the PMF by a factor
(0.1 Mpc
10 kpc
)2 ∼ 102, with 0.1 Mpc {10 kpc} being the typical
dimensions of a protogalaxy before {after} the collapse at
the time of galaxy formation. As the Universe expands,
flux conservation reduces the magnitude of the magnetic
field as B ∝ a−2. Since ℓ ∝ a before galaxy formation, we
find δA ∝ a−1. Scaling back to the end of inflation and,
assuming (for simplicity) prompt reheating, we obtain
Bseed(ℓ) ∼ 102 cos θW
(1 + zgf)−1
T
CMB
Tend
δYend
ℓ
, (7)
where T
CMB
∼ 0.23meV is the temperature of the CMB
and Tend = (
30
pi2g∗
)1/4M ∼ 1015GeV is the temperature
at the end of inflation, with zgf ≃ 10 being the redshift
at galaxy formation.
Both the perturbations of the supermassive X-boson
and the hypercharge field at the end of inflation are due
to the perturbation of the unbroken GUT bosons δW .
Hence, we expect δXend ∼ δWend ∼ δYend.3 Using this
and combining Eqs. (5) and (7) we find
Bseed(ℓ) ∼ 103TCMB
Tend
√Pζ
C
√
ΩX
mPH∗
mXℓ
. (8)
Putting the numbers in we arrive at
Bseed(ℓ) ∼ 10
−29
C
√
ΩX
(
1 kpc
ℓ
)
G . (9)
Thus, we see that, at the scale of the largest turbu-
lent eddy ℓ >∼ 100 pc, we can obtain Bseed ∼ 10−28G if
C
√
ΩX ∼ 1. In particular, if particle production is (ap-
proximately) isotropic, C = 1. The vector curvaton alone
can produce ζ and we have the bound ΩX >∼ 10−2 in or-
der to avoid excessive non-Gaussianity [8]. Thus, we ob-
tain Bseed(100 pc) <∼ 10−27G. Similarly, if particle pro-
duction is strongly anisotropic, C = 1/
√
|g|. Demanding
that δX/X <∼ 1 in order for the perturbative approach
to be valid, Eq. (4) suggests ΩX >∼
√|g| Pζ >∼ 10−5, us-
ing that |g| >∼ 0.02 in order for statistical anisotropy
to be observable [25]. Therefore, Eq. (9) gives again
Bseed(100 pc) <∼ 10−27G. Note that, when particle pro-
duction is strongly anisotropic we expect ΩX ≪ 1 be-
cause, otherwise, statistical anisotropy would be too large
[5] (see also Ref. [20]).
The above PMF is just about strong and coherent
enough to seed the galactic dynamo mechanism, which
explains the observed µG magnetic fields of the galaxies
[26].4 Note that, being due to the same cause (the per-
turbations of the W bosons of the unbroken GUT), the
PMF and the curvature perturbation (in the isotropic
case) are correlated, which implies that overdensities are
more intensely magnetised than the surrounding matter.
This may assist gravitational collapse and the formation
of Population III stars and quasars by removing angular
momentum [28].
3 For example, if we take as our GUT Flipped SU(5):
SU(5)×U(1) as in Ref. [15], we have for the supermassive
V -boson Vµ ∝W
(15)
µ − tanΘW
(0)
µ and for the hyperhcarge
Yµ ∝ W
(15)
µ + cotΘW
(0)
µ , where W
(15)
µ and W
(0)
µ belong to the
SU(5) and the U(1) constituent groups of the GUT respectively
and tanΘ ≡ g¯/g with g¯ and g being the gauge couplings of the
SU(5) and the U(1) parts of the GUT. Therefore, if particle pro-
duction generates a superhorizon spectrum for the Abelian vector
boson W
(0)
µ then − cotΘ δVµ = δW
(0)
µ = tanΘ δYµ [15].
4 The galactic magnetic fields can also magnetise the intergalactic
medium by expulsion, e.g. through the Parker instability [27].
4A number of mechanisms exist in the literature for
the generation the flat superhorizon spectrum of per-
turbations of the unbroken GUT gauge bosons, which
we postulated at the beginning. In Ref. [3] it is shown
that an Abelian vector field obtains the desired pertur-
bation spectrum if its effective mass during inflation is
m2 ≈ −2H2∗ . Such an effective mass-squared can be gen-
erated by coupling the vector field non-minimally to grav-
ity with an 1
6
RA2 term [14]. This possibility is explored
in Refs. [5] and [29], where it was shown that P‖ = 2P+,
i.e. p = 1. Such a vector curvaton could only gener-
ate statistical anisotropy in ζ. A different idea for the
generation of a flat superhorizon spectrum of curvature
perturbations is studied in Refs. [8, 30], this time based
on a non-trivial evolution for the gauge kinetic function
f ∝ a−1±3 during inflation, which is natural in super-
gravity theories and which is an attractor solution if f is
modulated by the inflaton field [19].5 If the vector curva-
ton is massless during inflation then P‖ → 0 and p = −1.
However, one can consider a massive vector curvaton.
Then, in Ref. [8], it was shown that scale invariance is
obtained whenm ∝ a. In this case, if the vector curvaton
remains light, p ≃ P‖/P+ ≫ 1 and it can only generate
statistical anisotropy in ζ. However, if the vector curva-
ton becomes heavy by the end of inflation then particle
production is rendered isotropic with p ≈ 0, so that the
vector curvaton alone can generate ζ. For a recent review
of vector curvaton models see Ref. [31].6.
In passing we note that the effect of the presented
mechanism can be indirectly witnessed by observational
evidence on structure formation, because, as mentioned,
overdensities may be more magnetised, which assists
graviational collapse (by removal of angular momentum).
However, on the magnetic field side, any direct evidence
is inhibited by the sweeping action of the galactic dy-
namo. Magnetised overdensities that do not undergo dy-
namo amplification are too weakly magnetised to offer
any clear observational test.
In summary, in the context of GUT hybrid inflation,
we have explored a particular vector curvaton scenario
which employs the GUT gauge bosons to affect (by gen-
erating statistical anisotropy) or even to produce the
observed curvature perturbation ζ, while simultaneously
generating a primordial magnetic field strong and coher-
ent enough to account for galactic magnetism. Assum-
ing that inflation gives rise to a flat superhorizon spec-
trum of perturbations for (at least some of) the GUT
5 PMF generation with this mechanism is considered in Ref. [17].
The same kind of model has been employed in Ref. [7] to pro-
duce weakly anisotropic inflation which can generate statistical
anisotropy in the perturbations of the inflaton field.
6 One other possibility to generate a superhorizon spectrum of
perturbations for a vector boson field is by employing the ax-
ial coupling αFµν F˜µν as explored in Ref. [32]. Application of
this possibility in the vector curvaton mechanism is studied in
Ref. [33].
bosons, we have shown that they can affect or generate
ζ at the breaking of grand unification (which also ter-
minates inflation), when a supermassive GUT boson can
act as a vector curvaton field. The spectrum of the cor-
responding hypercharge perturbations survives the hot
big bang in the form of a hypermagnetic field, which is
frozen into the highly conducting plasma. The projec-
tion of the hypercharge onto the photon direction at the
electroweak phase transition produces a primordial mag-
netic field, which can be strong and coherent enough to
seed the galactic dynamo mechanism and explain the ob-
served magnetic fields of the galaxies. The generation of
the original flat superhorizon spectrum of perturbations
for the gauge bosons of the unbroken GUT during infla-
tion is due to some other mechanism which we simply
postulated. However, concrete such mechanisms exist in
the literature.
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